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E-mail address: drigden@liv.ac.ukThe Cry and Cyt classes of insecticidal toxins derived from the sporulating bacterium Bacillus thur-
ingiensis are valuable substitutes for synthetic pesticides in agricultural contexts. Crystal structures
and many biochemical data have provided insights into their molecular mechanisms, generally
thought to involve oligomerization and pore formation, but have not localised the site on Cyt toxins
responsible for selective binding of phospholipids containing unsaturated fatty acids. Here, distant
homology between the structure of Cyt toxins and Erwinia virulence factor (Evf) is demonstrated
which, along with sequence conservation analysis, allows a putative lipid binding site to be localised
in the toxins.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Bacillus thuringiensis (Bt) is a gram-positive bacterium which
produces distinctive parasporal crystals during sporulation [1].
These are composed of toxins of two classes, the crystal (Cry)
and cytolytic (Cyt) proteins (see [2] for a review). It is these pro-
teins which together confer the insecticidal or, less commonly,
nematocidal properties on Bt. Despite sharing no homology, both
toxin classes require cleavage of terminal regions by proteases
for activity [3,4] and pore-forming is a favoured molecular mecha-
nism of toxicity for both [2], although alternative hypotheses exist
for each class [5,6]. Cry toxins bind to proteinaceous receptors in
host membranes, conferring insect speciﬁcity upon different Bt
strains [5], while Cyt toxins bind to unsaturated phospholipids
and consequently lack host speciﬁcity [7].
Bt toxins have found widespread use as substitutes for chemical
pesticides in forestry spraying [8] and transgenic crops [9] and
even show potential for control of insect vectors of human disease
[2]. However, this use is increasingly encountering problems of
resistance [10]. While various mechanisms underlie the acquisition
of resistance [10], one promising means to address the problem in-
volves the simultaneous use of Cry and Cyt toxins since, as the pair
of Cry11Aa and Cyt1Aa shows [11,12], the latter can provide recep-
tors for the former. Such synergy, which overcomes resistance duechemical Societies. Published by Eto host Cry receptor mutation, could potentially be engineered into
other toxin formulations.
Evidently, a full understanding of the molecular mechanism of
both Cry and Cyt toxins could have signiﬁcant economic as well
as scientiﬁc value. Two Cyt structures (of Cyt2Aa (PDB [13] code
1cby [14]) and Cyt2Ba (PDB code 2rci [15])), as well as several of
the homologous fungal toxin volvatoxin [16], have enabled de-
tailed proposals regarding possible pore forming oligomers to be
elaborated [16]. However, biochemical data can be interpreted as
favouring a detergent-like model and, speciﬁcally, one in which
an initial electrostatic interaction between phospholipid head
group and charged toxin residues is followed by an irreversible
second step involving hydrophobic and van der Waals forces [6].
The structures have allowed mapping [17] of mutations of charged
residues that signiﬁcantly affect Cyt toxin activity [18] but the
location of the binding site that confers the toxin’s speciﬁcity for
unsaturated fatty acids in bound phospholipids [7] remains
unidentiﬁed.
Homologues of Cyt toxins that can be identiﬁed by sequence
searches in the present databases are conﬁned to volvatoxin and
two other potential fungal toxins (data not shown). However, it
is often the case that distant homology can be recognised at a
structural level even when evolution has eroded sequence similar-
ity. The structure of Erwinia virulence factor (Evf) has recently been
reported to contain a Cys-attached, covalently bound palmitate
molecule and to have novel topology [19]. Like Cyt proteins,
Evf is involved in bacterium–insect interaction, promoting thelsevier B.V. All rights reserved.
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thereby enhancing bacterial transmission [20]. Also like Cyt pro-
teins, Evf interacts electrostatically with phospholipids [19]. It is
not yet known whether Evf also has speciﬁcity for bound lipid.
Here we report that Evf and Cyt proteins in fact share a complex
fold indicating shared distant homology. This relationship allows
for the identiﬁcation of a putative fatty acid binding site in Cyt tox-
ins, in good agreement with experimental data.2. Evf and cytolytic toxins share a fold
The recently reported crystal structure of Evf was reported as
having a novel topology [19]. However, this conclusion was based
upon structural comparisons carried out using solely the SSM
method [21]. Comparisons of the performance of structure similar-
ity search algorithms consistently show wide, case-speciﬁc varia-
tion [22,23] leading to the recommendation that such searches
employ several methods and seek a consensus between them
[22]. Using the DALI [24] and FATCAT [25] methods revealed signif-
icant structural similarity between Evf (PDB code 2w3y [19]) and
the structures of B. thuringiensis cytolytic toxins – Cyt2Aa (PDB
code 1cby [14]) and Cyt2Ba (PDB code 2rci [15]) as well as the
structure of the homologous fungal toxin volvatoxin (several PDB
codes [16]). DALI Z scores were as high as 7.0 for Cyt2Aa compared
with a threshold of 2, below which there is no signiﬁcant structural
similarity. FATCAT reports strongly signiﬁcant P-values for the tox-
ins in a search using Evf as query – as low as 2.4  102 in ﬂexible
mode and 1.8  103 in rigid mode. The cytolytic toxins were the
top hits, well separated from lower scoring structures, by DALI
and rigid-mode FATCAT while ﬂexible-mode FATCAT placed
unconvincing matches – to coiled-coil proteins, for example –
above the cytolytic toxins.
The residues structurally superimposed by DALI and FATCAT
covered a majority of the query and hit structures. For example,
the best scoring DALI hit structurally aligned 155 residues of
Evf chain A (267 residues) with an rms deviation of 4.2 Å (on
Ca atoms) with residues of Cyt2Aa (227 residues long). Fig. 1a
shows a comparison of Evf and Cyt2Ba structures, as superposed
by the rigid FATCAT algorithm. For clarity, the Cyt2Ba structure is
shown rather than that of Cyt2Aa since the former is that of the
activated toxin that has been proteolysed to remove N- and C-ter-
minal regions [15]. Those regions bear no structural similarity
with the terminal regions of Evf shown in Fig. 1a. As Fig. 1a
makes clear, Evf and the cytolytic toxins share all of the major
components of the fold. In both cases a ﬁve-stranded b-sheet is
ﬂanked on both sides by helices. The unique terminal regions of
Evf shown in grey form additional helices and, toward the C-ter-
minus, an additional, sixth strand to the b-sheet. Apart from small
helices present in one structure not the other, the major struc-
tural difference lies in the region (pink in Fig. 1a) immediately
preceding strand b4 (secondary structure follows the deﬁnitions
for Cyt2Aa – see also Fig. 1b). In Evf, this region forms part of a
long a-helix. In Cyt2Ba a shorter 310-helix (g3) is followed by
strand b3 which completes the edge of the b-sheet: in Cyt2Ba this
edge is only partly formed by the N-terminal b1 strand whereas a
complete strand is formed by the corresponding portion of Evf.
Aside from these relatively minor differences, it is clear that
the Evf structure shares the topology of the toxin fold, albeit
with certain additional elaborations. Interestingly, the central b-
sheet of Evf has a much greater twist than that of the toxins
(Fig. 1a). It may well be that this difference confounds simpler
structure superposition algorithms. As well as SSM [21], used
by the authors of Evf structure [19], methods such as Australis
[26] were incapable of effectively superimposing the two
structures.Structural superpositions between Evf and cytolytic toxins pro-
duced alignments with only 6–11% sequence identity. By the sta-
tistical approach introduced by Murzin [27] sequence similarity
between structurally aligned residues is not signiﬁcant. Conﬁrming
the distant nature of their shared homology, none of several mod-
ern fold recognition tools was capable of assigning the toxin fold to
the Evf sequence (data not shown). Fig. 1b illustrates that even
within the two groups – Evf and all homologues (above) and a min-
imally redundant set of cytotoxins and homologues (below) –
there is limited sequence identity. Between the two groups there
is very little sequence conservation, despite their unambiguous
homology. From a previous analysis of conservation between cyto-
lytic toxin and volvatoxin structures [15] the most prominent fea-
ture of the toxins is a TFTNL motif at residues 142–146 in Cyt2Ba.
By the structural alignment, Evf and relatives strictly conserved the
Phe residue and it is often preceded by a Thr or Ser. In the Evf struc-
ture these residues are part of a helix that lies near the mouth of
the pocket through which palmitate can be presumed to enter. In
the Cyt2Ba these residues span a break between helices a4 and
g3 raising the possibility that a single longer helix, as in Evf, might
form in the fatty acid bound form: conservation of this motif may
be related to its role in the conformational transition between
bound and unbound forms. In the vicinity of a second more con-
served region of the toxins, the YxxLF motif at position 169 in Cy-
t2Ba [15] we note that the presented structural superposition may
have misaligned similar sequences in Evf (TQanYnYlyaY commenc-
ing at position 162) and Cyt2Ba (TQtsYfYkilF from 163 onwards),
although neither sequence is well conserved within its group.
Other structure superposition programs produce results in which
these sequences are aligned, but at the expense of apparently
poorer alignment of similar portions elsewhere (data not shown).
Structurally, this comprises strand b4 and its preceding loop and
thus includes residues that contact the palmitate in Evf.3. A putative lipid-binding pocket in cytolytic toxins
The clear functional correlations between Evf and the toxins –
bacterium–insect interaction, membrane binding – provided cir-
cumstantial support for a distant homology between the two pro-
teins. We wondered if the most striking feature of the Evf structure
– the Cys-bound palmitate – could offer any clues as to molecular
functions of the toxins. One would not necessarily expect to ﬁnd a
cavity in the toxin structures since, as other lipid-binding proteins
show, binding can be accompanied by signiﬁcant conformational
changes [28]. The lack of a conserved toxin Cys in the same posi-
tion as that palmitoylated in Evf (Fig. 1b) does not argue against
the possibility of a lipid binding site in the former, since covalent
binding of lipids is the exception rather than the rule [28]. We rea-
soned that a possible cryptic binding site in what would be the apo
form of the toxins, if important to function, should be made visible
by conservation of the residues forming the cavity in the bound
form. We therefore used the Consurf server [29] to map conserva-
tion, in an alignment made by MUSCLE [30] of hits obtained by PSI-
BLAST [31] search of the nr protein database at the NCBI [32], onto
the structure of Cyt2Ba. Consurf conservation values are calculated
from Bayesian estimates of rates of sequence evolution [33] and
are normalized for each case [29]. Residue scores are therefore rel-
ative to others in the same protein and are not comparable be-
tween proteins.
As Fig. 2 shows there is a conspicuous concentration of the most
highly conserved residues in the region corresponding to the pal-
mitate binding site in Evf. In Evf, residues from a3 (3 residues),
a4 (1), b4 (1), b5 (2), a5 (1) and b6 (1) contribute to the binding
pocket for palmitate. In comparison, the seven most conserved res-
idues among cytolytic toxins and homologues (Fig. 2) lie in a3 or
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lowing a4 (3 residues). Consurf also identiﬁed 21 further strongly
conserved residues (Fig. 2). These are strongly concentrated in the
secondary structure elements that would, by homology with Evf,Fig. 1. Structural superposition of Evf [19] and Cyt2Ba [15] produced by the FATCAT al
Cyt2Ba (right) coloured from blue (start of core fold) to red (end). Terminal extensions o
representation. The structurally different regions preceding strand b4 in the two structure
in the text are labelled using italics for a-helices and normal text for b-strands This ﬁg
structure-based sequence alignment. The upper group contains Evf and the four pres
minimised set of representatives of the toxin family. Sequences are labelled with gi num
conserved positions determined using Consurf [29] in a complete alignment of the toxin
alignment using the numbering of Cyt2Ba [15]. Labels g1 onwards refer to 310 helices. Thform the putative fatty acid binding site in cytolytic toxins – a3
(4 residues), a4 (2), b4 (3), b5 (2) and b6 (1). Notably, conserved
residues in b-sheets invariably point their side chains towards
the putative binding site rather than towards the opposite side ofgorithm [25] operating in rigid mode. (a) Cartoon representations of Evf (left) and
f Evf are shown as semi-transparent grey and its palmitoyl-cysteine residue in stick
s (discussed in the text) are coloured pink. Secondary structure elements mentioned
ure was produced using PyMOL [40] as were Figs. 2 and 3. (b) The corresponding
ently available homologous sequences. The lower group contains a redundancy-
ber [32] and species name. Immediately below, numbers 8 and 9 indicate the most
family (see text and also Fig. 2). Secondary structures are annotated underneath the
is ﬁgure was made with Jalview [41], which was also used for redundancy removal.
Fig. 2. Cross-eyed stereo cartoon of the Cyt2Ba structure (grey, semi-transparent) marked with residues achieving conservation level 9 (dark blue) or 8 (cyan) after analysis at
the Consurf server [42] – see also Fig. 1b. Stretches corresponding to regions implicated in the interaction of Cyt1Aa with Cry11Aa [11] are shown as orange (192–200) or
green ribbons (216–224). Palmitate from superimposed Evf (Fig. 1) is shown in magenta.
1558 D.J. Rigden / FEBS Letters 583 (2009) 1555–1560the molecule. A similar tendency is observed in the orientation of
side chains found in helices near the putative binding site. The ten-
dency of conserved residues to cluster in the vicinity of the super-
imposed palmitate molecule was quantitated by measuring the
minimum distance between any atom of a given residue and any
atom of the palmitate using programs of the CCP4 package [34].
For the seven most conserved residues, the mean minimum sepa-
ration was 2.7 Å (note that some residues lie over the palmitate
since there is no cavity present in the cytotoxin structure) and,
remarkably, none of the seven was more than 4.4 Å from the pal-
mitate. The 21 further conserved residues lie, on average, 8.3 Å
from the palmitate, signiﬁcantly different from the remainder of
the protein with a mean separation of 12.6 Å.
We take this as strong evidence that the common ancestor of
Evf and the cytolytic toxins contained a lipid binding site which
has been maintained in the two lineages. We hypothesise that this
may be the experimentally characterised unsaturated fatty acid
binding site in Cyt toxins [7].4. Functional implications
The overall mode of cytotoxicity of the toxins is still unclear.
One proposal is that osmotic lysis results from the oligomerization
of the protein, whereby constituent b-strands, three from each
monomer, interact to form a b-barrel pore, e.g. [35,36]. Others fa-
vour a detergent-like activity leading to membrane disassemblyas a result of non-speciﬁc oligomerization on the bilayer surface,
e.g. [6,17]. However, some more fundamental biochemical activi-
ties have been unambiguously demonstrated, mainly for the proto-
typic cytolytic toxin Cyt1Aa. Thus, it is known that the toxins bind
to phospholipids such as phosphatidylcholine, phosphatidyletha-
nolamine and sphingomyelin provided they contain unsaturated
fatty acids [7]. Recent data suggest that initial binding occurs be-
tween lipid head groups and charged toxin residues, followed by
a second, irreversible phase of interaction involving hydrophobic
and van der Waal’s forces [6].
Interaction of a fatty acid chain of a membrane lipid with the
putative toxin binding site would provide a plausible explanation
for the second phase of interaction since hydrophobic interactions
would obviously predominate at the lipid binding site. The en-
closed putative lipid binding site also provides an explanation for
the speciﬁcity for binding of unsaturated lipids shown by the cyto-
lytic toxins: it is difﬁcult to imagine lipid interaction on the molec-
ular surface imposing such constraints on the ligand.
The initial, electrostatic-based phase of interaction has been ex-
plored by the mutation of charged surface residues of Cyt1Aa and
measurement of the impact of the changes on activity [18]. Muta-
tion of any of ﬁve conserved Lys, Glu or Asp residues led to signif-
icantly reduced in vivo and in vitro activity alongside
corresponding losses of interaction with phosphatidylcholine
[18]. As Fig. 3 shows, four of ﬁve of these positions (largely uncon-
served, but corresponding to Val150, Asn159, Leu160 and Asp209
in Cyt2Ba) lie on the same face of the toxin molecule as the entry
Fig. 3. Comparison of electrostatic surface characteristics of Evf (left) and Cyt2Ba (right) calculated using APBS [43]. The proteins are shown in the same orientation,
according to their structural superimposition. Palmitoyl-cysteine is shown in magenta stick form in Evf as is the palmitoyl portion, according to protein structural
superposition, for Cyt2Ba. Side chains of ﬁve positions corresponding to charged residues in Cyt1Aa whose mutation leads to loss of activity [18] are shown as yellow sticks in
Cyt2Ba and labelled. The scale shows colouring of potential from 4 kT/e to +4 kT/e.
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these positions, in Cyt1Aa at least, contribute to an initial electro-
static interaction with membrane phospholipid after which a fatty
acid chain from a membrane lipid molecule is induced to ﬂip out of
the membrane and become bound in the cavity of the cytolytic tox-
in. This would be the second, irreversible phase of interaction.
Intriguingly, there is a distinct resemblance between the electro-
static surface characteristics of Evf (Fig. 3a) and Cyt2Ba (Fig. 3b).
For each, the predominant feature is a strongly negatively charged
face (on the left in the orientation shown in Fig. 3). A neighbouring
face, roughly perpendicular to the above, is positively charged but
to a less pronounced extent. The mouth of the palmitate binding
pocket of Evf lies between these faces so it seems possible that
similar electrostatic characteristics of Evf and Cyt2Ba could be re-
lated to their shared property of interaction with membrane lipid.
While the hypothesis presented here does not directly address the
pore vs detergent-like debate about cytolytic toxin model of action,
ﬂipping a fatty acid out of the membrane to bind to the toxin could
seriously disrupt membrane integrity, an important component of
the detergent-like model [6,7].
One intriguing aspect of cytolytic toxin function is an unusual
mode of synergy with Cry toxins demonstrated for Cyt1Aa with
Cry11Aa but plausible for other family members too. The synergy
involves the action of membrane-bound Cyt1Aa as a receptor for
Cry11Aa [11]. Cry11Aa alone possesses toxicity at sufﬁciently high
doses [37] but its action is potentiated by the presence of Cyt1Aa.
More speciﬁcally, it appears that the enhancement of Cry11Aa
activity by Cyt1Aa occurs because the cytolytic toxin facilitates
the formation of the pre-pore oligomeric structure of the crystal
toxin [12]. Work with peptides corresponding to portions of theCyt1Aa sequence has implicated two distinct stretches, from
196–204 and 220–228 [11], in the binding to Cry11Aa. As Fig. 2
shows the ﬁrst of the corresponding regions of Cyt2Ba (shown in
orange) contains two conserved residues, Ile193 and Val195, that
would be predicted to either contribute to or lie close to the puta-
tive lipid binding site. This raises the interesting possibility that
occupation of the lipid binding site could lead to conformational
changes in the interface region with crystal toxins. In such a way,
the Cry toxins would only be stimulated to form their pre-pore
oligomeric forms upon interaction with cytolytic toxins that had
permanently interacted with target membrane. Such a mechanism
would prevent the premature activation of Cry toxin oligomeriza-
tion at locations distant to membrane.
Finally, it is relevant to ask what implications for understanding
of Evf function, its demonstrated homology with cytolytic toxins
might have. If the membrane disruption and consequent toxicity
of the toxins is indeed related to binding of fatty acid in the puta-
tive pocket, then perhaps the covalently bound palmitate of Evf,
permanently occupying its pocket, is at least part of the explana-
tion for its observed non-toxicity.
5. Concluding remarks
Superposition of protein structures is a complicated task [38].
The ability of protein structure comparisons to detect more distant
homologies than sequence-based methods provides a valuable
window on protein evolution and aids functional annotation [39].
This has led to a proliferation of algorithms, some optimised in
slightly different directions – for speed [21], for ﬂexible structures
[25] and so on. The variable, case-dependent performance of
1560 D.J. Rigden / FEBS Letters 583 (2009) 1555–1560different methods [22,23] means that it is prudent to test several
algorithms before concluding that a certain structure is, or is not,
similar to another. Here we have described a clear-cut similarity
between the folds of Evf and B. thuringiensis cytolytic toxins on a
scale only explicable by distant homology. Residue conservation
patterns strongly suggest the existence of a fatty acid binding site
within the toxin structures, positioned similarly to the palmitate
binding site of Evf, a hypothesis fully in accord with experimental
data. Structural and molecular biology experiments will be able to
readily test this hypothesis and shed further light on the function
of these scientiﬁcally and economically important proteins.
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